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ABSTRACT 

We discuss the optical spectrum of a multiply- imaged arc resolved by HST in the 
z=0.175 cluster A2218. The spectrum, obtained with LDSS-2 on the 4.2m William 
Herschel telescope, reveals the source to be a galaxy at a redshift z=2.515 in excellent 
agreement with the value predicted by Kneib et al. (1996) on the basis of their inversion 
of a highly-constrained mass model for the lensing cluster. The source is extremely blue 
in its optical-infrared colours, consistent with active star formation, and the spectrum 
reveals absorption lines characteristic of a young stellar population. Of particular sig- 
nificance is the absence of Lyman-a: emission but the presence of a broad Lyman-a 
absorption. The spectrum is similar to that of other, much fainter, galaxies found at 
high redshift by various techniques and illustrates the important role that lensing can 
play in detailed studies of the properties of distant galaxies. 
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1 INTRODUCTION 

Considerable progress has been made recently from sys- 
tematic redshift surveys of faint galaxies in understanding 
the evolutionary properties of galaxies out to redshifts z~l. 
(Colless 1995, Lilly et al., 1996, Ellis et al.,1996). Beyond 
this strategic barrier, a variety of new techniques promise 
to extend our understanding to higher redshift. Cowie et 
al. (1995) have extended the direct spectroscopic approach 
for K- limited samples to z ~1.6 and shown a number have 
sufficiently strong star formation to account for a high frac- 
tion of the present-day stellar density. A drawback of this 
approach, as a way of finding representative distant galax- 
ies is that only a minority of a magnitude-limited sample, 
even at the faint limits now reachable with 10-m class tele- 
scopes, lie beyond z ~1. Presumably even fainter surveys 
would be required to uncover significant numbers of z >2 
galaxies. Although systematic, this method may not be the 
most efficient way to locate high redshift galaxies. 

In contrast, Steidel et al. (1996) have shown that very 
high redshift sources can be effectively isolated from multi- 



* Based on observations obtained on the William Herschel Tele- 
scope at the Observatorio del Roque de los Muchachos, La Palma. 



band photometry using the the Lyman limit as a discrimina- 
tor. However, the Lyman limit (A res t=912 A ) only becomes 
amenable to optical detection at redshifts z > 2.8 and thus, 
although undoubtedly a very powerful technique, any com- 
parison of such a distant sample with one similarly selected 
at a lower redshift will remain an observational challenge for 
the UV capabilities of HST (e.g. Conti et al 1995). Finally, 
one must consider the searches for damped Lyman-a ab- 
sorbers (e.g. Wolfe et al. 1995.) The main disadvantage here 
is contamination of the spectrum by the QSO light which 
inevitably hampers detailed investigation of the absorbing 
galaxy. Secondly, one has to contend with an uneven selec- 
tion function in redshift produced by the varying detectabil- 
ity of the absorption. 

In this article we illustrate the important role that grav- 
itational lensing can play in selecting distant galaxies over a 
large redshift range, spanning those covered by the methods 
discussed above. The principal advantage of lensing in this 
context is, of course, the boosting of the apparent magni- 
tude of the faint galaxy. Early work in this direction was 
begun by Smail et al. (1993) who discussed the photomet- 
ric properties of giant arcs of known redshift in the context 
of various evolutionary models. The unlensed magnitudes 
of the arcs in their sample are estimated to be fainter than 
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the galaxies studied in the deepest current conventional 10m 
samples (e.g. Cowie et al. 1995) . Although it is well known 
that lensing conserves surface brightness, parts of the source 
smaller than the seeing disk do undergo a real surface bright- 
ness gain (see Ebbels et al. 1996b). Although this may not 
be as large as the formal lensing magnification, the spec- 
troscopic gain in depth can be significant. Additionally, the 
spatial magnification enables distant sources to be resolved 
into their individual components using HST (Smail et al. 
1996). 

The data from HST has enabled the construction of very 
precise mass models for selected lensing clusters. A good ex- 
ample is the recent analysis of Abell 2218 (z — 0.175) where 
the ground-based mass model of Kneib et al (1995) was con- 
firmed in exquisite detail from as many as 7 multiply-imaged 
sources resolved by HST in a 3-orbit exposure (Kneib et. 
al. 1996, KESCS). The highly-constrained mass model al- 
lowed KESCS to invert the lensing equations and predict 
redshifts for individual arclets readily recognised in the HST 
images. A number of the arclets were predicted to have red- 
shifts z > 1 and, as a way of isolating high redshift sources, 
the technique will become more effective as higher redshift 
lenses are employed. As the inversion is a purely geometric 
technique, selection effects are less troublesome than with 
the alternative approaches. Some of the difficulties inher- 
ent in the optical detection of lensed galaxies are discussed 
in KESCS. Clearly it is important to verify the lensing in- 
version, where possible, and in this article we illustrate the 
potential of the method via the spectrum of a spectacular 
multiply-imaged arc in Abell 2218 (#384 in the numbering 
scheme of Le Borgne et al, 1992.) The large magnification 
(almost 3 magnitudes for this image) allows us to obtain the 
spectrum of a normal galaxy at high redshift. The redshift 
obtained, z = 2.515, is in very good agreement with that 
predicted by the lensing model of KESCS. 

A plan of the paper follows. In §2 we present the spectro- 
scopic observations that lead to the redshift determination 
and discuss its implications with respect to the inversion 
method discussed by KESCS. In §3 we discuss the broad- 
band photometric properties of the distant galaxy and esti- 
mate the ongoing star formation rate and rest-frame lumi- 
nosities. In §4 we return to the spectrum and interpret the 
various features in the context of the photometric data and 
UV spectra of nearby galaxies and recent spectra of high 
redshift sources. §5 summarises the main conclusions of the 
paper. 



2 SPECTROSCOPIC OBSERVATIONS AND 
REDSHIFT DETERMINATION 

As part of a major effort to verify the lensing inversion 
method for Abell 2218 discussed by KESCS, we have se- 
cured spectra for a large sample of faint arclets using the 
LDSS-2 multi-slit spectrograph at the William Hershell Tele- 
scope (WHT). A more complete description of these obser- 
vations will be presented elsewhere (Ebbels et al., 1996b). 
The arclets were selected to be those with lensed magni- 
tudes B <25 for which the inversion gave estimated redshifts 
ziensing >0.4. Although a colour selection was imposed to 
increase the chance of detecting [O II] emission in the spec- 
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Figure 1. (top) WFPC-2 F702W image of arc #384 (after 
KESCS), (bottom) WFPC-2 F702W image of arc #468 consid- 
ered by KESCS to be a the counter-image of #384. 

tral window of LDSS-2, this is immaterial in the present 
discussion. 

The observations were conducted on the nights of May 
28 to June 1 1995. LDSS-2 was used in a conventional multi- 
slit mode with masks constructed with straight slits of width 
1.5 arcscc configured in two orientations. The TEK-1 CCD 
was used (0.59 arcsec pixel -1 ) and in the case of this arc, 
a total exposure of 29.9ksec was obtained with the medium 
blue grism, (5.3A pixel" , R ~ 12A) in conditions with see- 
ing ~l-2 arcsec FWHM. This grism allows us to survey the 
range where Lyman-a was predicted to lie for arc #384 by 
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Pello et al. (1992) and Kneib et al. (1995). (3700-5300 A . 
This range was not obtained in Pello et al.'s FOS spectrum.) 

Standard data reduction was performed with the LEXT 
package (Colless et al. 1990, Allington-Smith et al. 1994). 
After debiasing, the data were median combined, allowing 
for flexure effects of ~1 pixel which affect the long exposures 
of a single field. Dispersed tungsten flat fields were used to 
correct for variations in transmission along the slit, while 
wavelength calibration was achieved using a CuAr arc. In 
extracting the faint spectra, the light profile along the slit 
was used to fit the remaining background variations and iso- 
late the object. Residual column to column deviations from 
this fit were removed linearly and the object rows summed 
with a gaussian weighting to form an optimally-extracted 
spectrum. Finally the spectra were approximately flux cal- 
ibrated using the standard LDSS-2 throughput curves. 

The arc in question, #384 (Figure ^(top)) in the pho- 
tometric catalogue of Le Borgne et al. (1992), is one of the 
most spectacular in appearance in the HST image presented 
by KESCS. The mirror symmetry apparent in the WFPC-2 
data verifies the earlier suggestion (Kneib et al. 1995) that 
the arc represents the merging of two images across a crit- 
ical line whose location can now be precisely determined. 
The mass model discussed by KESCS, which is highly con- 
strained by 6 further multiply-imaged features, strengthens 
the prediction (Kneib et al. 1995) of a counter-image to 
#384 on the other side of the central cD (object #468, Fig- 
ure [jjbottom)) 

The location and orientations of the two images allowed 
KESCS to predict the inverted redshift and magnification of 
the source to reasonably high precision. Indeed, the redshift 
of #384 represents a crucial constraint because of the arc's 
proximity to the critical line. On the basis of the mass model 
developed, the source is predicted to lie within the range 
ziensing = 2.8 ± 0.3, the uncertainty arising from the detail 
of the mass model, once constraints of the the other multiply 
imaged systems in the cluster are considered. This prediction 
agrees well with that made from broad band photometry and 
5300-9000 A low resolution spectroscopy, of 2.6 < z < 3.6 by 
Pello et al. (1992). 

The new redshift, when included in the model, does 
little to change the predicted magnification of each image 
(2.9±0.3 in the case of the of the combined #384 images 
and 1.5±0.1 in the case of #468. The larger error for #384 
results from its proximity to the critical line, and thus in- 
creased sensitivity to its exact position and the slope of the 
mass profile (see KESCS). In calculating the properties of 
the unlensed source, we use the more reliable magnifica- 
tion of #468.) This leads to an unlensed R magnitude for 
#384/#468 of 24.1±0.2. As KESCS point out, #384 com- 
prises two images of a source which itself appears to con- 
sist of two parallel components. #468 has the same distinc- 
tive parallel morphology, albeit less distorted by the gravi- 
tational shear. Since the source lies so close to a caustic in 
the source plane, any bright parts of it lying outside this 
caustic would be imaged only in #468. The absence of any 
such extra bright knots in #468 leads us to conclude that 
all high surface brightness parts of the source lie inside the 
caustic line. 

The LDSS-2 spectrum for #384 is shown in Figure | 
and has a very satisfactory signal/noise. Although the in- 
tegrated photometry indicates 7?tot=21.2, the mean surface 
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Figure 2. (bottom) LDSS-2 spectrum of the arc #384. Both 
strong and more tentative identifications of features indicating 
a redshift of Z = 2.515 ± 0.001 are marked. Sky residuals near 
5577A and 5892A have been truncated for clarity, (top) For com- 
parison, the HST spectrum of a star forming knot in NGC 1741 
smoothed to the effective resolution of LDSS-2 (Conti et al. 1996). 
Many of the same features as in arc #384 are visable here, includ- 
ing metal lines and a broad Lyman a which does not reach the 
zero flux level. The truncated emission at ~1200 A is geocoronal 
Lyman-Q. 

brightness is only fj,R=23A (~7 per cent of the La Palma 
night sky). Thus the observation represents a considerable 
challenge. The spectrum shows a number of strong ultravi- 
olet features consistent with a redshift z=2.515, close to the 
predicted value. Most noticeable is the prominent feature at 
~4250 A which arises from strong Lyman-a absorption. No 
emission lines are seen in the optical spectrum. With our 
new data, we find that multiple image hypothesis is rein- 
forced by comparing the spectra of all three images. The 
two halves of #384 show no difference in spectral features, 
while the spectrum of #468 (figure^, although noisy, is cer- 
tainly compatible with that of #384. We return to a detailed 
discussion of the spectral features in the next section. 

The verification of the inverted redshift, to within the 
estimated precision, illustrates the power of the lensing tech- 
nique for isolating high redshift galaxies as well as for de- 
termining the statistical redshift distribution of very faint 
sources. It also shows that the mass model for the cluster 
core is very well determined, and in fact, further constrains 
it. The implications of the comparison of the lensing pre- 
dicted redshifts and spectroscopically determined ones will 
be presented in Ebbels et al. (1996b), where the spectro- 
scopic results from all the arclets secured in the WHT run 
are collated and analysed. 



3 PHOTOMETRIC PROPERTIES 

Although there are now several examples of non-active 
galaxies with redshifts above 2, most can only be seen by 
virtue of their abnormal luminosities. The significant boost- 
ing of the source responsible for the arcs #384+#468, to- 
gether with the serendipitous way in which background 
galaxies are lensed makes lensing a useful probe of normal 
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Table 1. Optical and Infra-red photometry of #384 and #468. Values for /ir & R are taken from KESCS, those for J & K 1 from 
Kneib et al. (1995) and those for grz from Le Borgne et al. (1992), where the likely errors are ±0.1, ±0.4 and ±0.3 respectively. 
Values for UBVi are taken from new photometry obtained at the 5m Palomar telescope (TEK CCD, seeing 1-1.5 arcsec, exposures of 
2.5,16.5,5.8,21.7 ksec respectively). Estimated errors are ±0.1 in BVi and ±0.3 / ±0.6 in U for #384 / #468 respectively. Also listed is 
the relative magnification, 8 m = (771384 — 771468) of the two images. The unlensed magnitude of the source may be obtained by adding 
the magnification M to the values in the table, where M384=2.9±0.3 and Af468=l-5±0.1 



#/i fl UBgVRr i z JK' 



384 23.4 22.2 22.2 22.1 21.4 21.2 21.6 20.6 21.5 20.0 17. 9 
468 23.5 23.8 23.8 23.6 23.1 22.6 23.1 22.3 22.9 20.9 19. 1 
5 m 1.6 1.6 1.5 1.7 1.4 1.5 1.7 1.4 0.9 1.2 
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Figure 3. (bottom) LDSS-2 spectrum of the arc #468 showing 
that it is compatible with that of #384. (top) #468 spectrum 
smoothed with a boxcar of width 5 pixels. Positions of stronger 
lines appearing on the #384 spectrum are marked. Solid horizon- 
tal lines mark the zero levels. 



galaxies at hitherto unexplored epochs, particularly if, as 
seems clear, further examples can be found in this way. We 
now illustrate, using this source as an example, what can be 
learnt from the photometric and spectroscopic properties of 
lensed high redshift galaxies. 

Multiband photometry from U to K' is presented for 
both #384 and #468 in Table 1 where the revised magnifi- 
cation is also given. The most reliable method to estimate 
the source luminosity is to use the infrared photometry to 
estimate the rest-frame optical luminosity. This is most suit- 
ably done with the J or K' photometry which can yield the 
rest-frame U or R luminosity to reasonable precision. As 
(J — K') i> s maps closely onto (U — R) r est, it can be seen 
from table [j] that the galaxy is intrinsically very blue, cor- 
responding to a flat-spectrum source. To obtain the intrin- 
sic bjrest luminosity of the source, a colour correction from 
Urest or Rrest to bj rest is required and this yields Mb r —-22.2 
(-23.0) ±0.5 corresponding to a galaxy ~8-20 (16-40) /i~ 2 
LI j for q =0.5 (0.1). (Loveday et al, 1992.) However, the 
blue magnitude is much influenced by star formation and, 
given its blue colours ((U — R) T est — (J — K') obs —2.1), it is 
possible that the rest frame K luminosity of our galaxy could 
be closer to L* than suggested by the above M(, 7 value. 



The spectral energy distribution (SED) delineated by 
the broad-band photometry is plotted in Figure ^ where we 
compare it to a synthetic spectrum produced by Bruzual 
& Chariot's (1993) code and to the smoothed SED of a 
nearby star forming galaxy, NGC 4449 (Ellis 1984). These 
both show the SED to be consistant with that of an actively 
star forming galaxy. Although the best model fit obtained 
was that of a burst (of age ~ 3 x 10 s yr, no reddening), other 
models (including those with constant star formation) can 
also reproduce the gross features of the photometry, par- 
ticularly given the freedom to invoke reddening, which has 
sizable effects at UV wavelengths (the exact nature of which 
is little known at these redshifts). At this redshift, the Ly- 
man limit only just reaches the edge of the U band. Thus 
the drop in the photometry, although influenced by the Ly- 
man break, cannot easily be compared with the (U„-G) cut 
from Steidel et al. (1996). Following Steidel et al, the UV 
flux can be used to derive an approximate ongoing star for- 
mation rate. In the case of a Salpeter initial mass function, 
(slope a=2.35, with 1M < M < 8OM ), this amounts to 
~7-ll (15-24)/i" 2 M 7/r _1 for g =0.5 (0.1), which is similar 
to the range seen in the Steidel sample and comparable to 
that in NGC 4449 when allowance for luminosity differences 
is made (~ 8M Q yr _1 . (Thronson, 1987)) 

As only the HST has the spatial resolution to ade- 
quately detect internal structures, and the WFPC-2 data 
is only available in a single band (F702W), no colour vari- 
ations along arc #384 can be seen. However, the presence 
of 'knots' in Fig. [j] is suggestive of luminous HII regions 
consistent with a galaxy undergoing strong star formation. 



4 SPECTROSCOPIC PROPERTIES 

The conclusions based on multiband photometry are also 
supported by analysis of the spectrum of #384 (Figure ^). 
The most striking features are the broad Lyman-a absorp- 
tion and the presence of several ultraviolet metal absorption 
lines. The latter features are typical of UV lines seen with 
IUE in the spectra of hot stars and nearby star forming 
galaxies such as those catalogued by Kinney et al (1993). 
As an illustration, Figure ^| also shows the HST spectrum 
of a starburst knot in NGC 1741, a Wolf-Rayet galaxy at 
a distance of 77/7,^ 1 Mpc. (Conti et. al. 1996). The spectral 
lines seen are similar to those in our source, while the lumi- 
nosity of this knot at 1500 A is a factor ~10 fainter (as in 
the Steidel et al. (1996) sample). 
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Figure 4. The spectral energy distribution of the 2=2.515 galaxy 
as determined from available broad-band photometry. The solid 
line represents the spectral energy distribution of a model of the 
burst type with no reddening and age of 0.286Gyr. The dotted line 
shows the smoothed spectral energy distribution of NGC 4449, a 
well studied local example of an actively star forming galaxy. 

Higher resolution data are required for a detailed anal- 
ysis of the spectrum (e.g. definative separation of stellar / 
interstellar absorption) but our data are sufficient to reveal 
several interesting aspects of this faint object. Using the red- 
shift determined from the metal lines, it can be seen that the 
Lyman-a line is somewhat assymmetric (by ~20(L4) on its 
blueward side. This may possibly be explained by a blend 
with metal lines such as Silll 1207A. There is also some 
evidence of further absorption at shorter wavelengths which 
could be Lyman-a absorption from foreground material. The 
Lyman-a absorption does not seem to reach a zero flux level 
although the signal to noise in the blue remains poor. Similar 
cases are seen in Kinney et al's sample, in the HST spectra of 
nearby galaxies discussed by Leitherer et al. (1996) & Conti 
et al. (1996), and in the high redshift spectra of Steidel et 
al. (1996) and Yee et. al. (1996). The claimed luminosity of 
the latter example is a factor of ~130 (at 1500A) brighter 
than our source, strongly suggesting gravitational amplifica- 
tion by the cluster through which it is observed. This large 
factor allows the aquisition of a much higher signal to noise 
spectrum than the one presented here. 

The strong stellar and interstellar lines seen by the 
above authors also appear strong in our spectrum with a few 
exceptions, the most notable of these being the weakness of 
Sill 1260A c.f. Sill 15271. Although better signal to noise 
data are required, this ratio is the reverse of that seen in 
stellar spectra and raises the question of whether the 1527A 
line is contaminated e.g. by a second component possibly 
associated with the double nature of the source mentioned 
in §2. From analyses of IUE stellar spectra and interstellar 
absorption of Magellanic Cloud stars (e.g. Savage & de Boer, 
1981) we conclude that most of the low ionisation lines (e.g. 
Sill, OI, Fell, CII) are due to interstellar absorption while 
those of higher ionisation (e.g. CIV, SilV) are mainly stel- 
lar, from late O to early B stars. In stars later than about 
B2, the doublet of 1526. 7A 1533. 4A becomes important and 
would have been resolved in our spectrum (c.f. Rountree & 



Donneborn, (1991)), while in the interstellar medium, only 
the line at 1526. 7A is seen (as we observe). The absence 
of Lyman-a emission in a source with demonstrably active 
star formation confirms earlier suspicions that such emission 
can be attenuated by a number of processes (Chariot & Fall 
1991,1993). It is important to distinguish the configuration 
of our system with the QSO absorption scenario. In the QSO 
case, Lyman-a photons are scattered out of the beam by the 
absorber. In our case, the sources are embedded within the 
scattering medium and (as highlighted by Chariot & Fall), 
the extent of the attenuation depends on the relative abun- 
dances and geometry of the mixture of stars, gas and dust. 



5 CONCLUSIONS 

We have secured the redshift, 2=2.515, of a multiply-imaged 
arc in the rich cluster Abell 2218 which we believe to be 
the first comfirmation of a redshift predicted by a clus- 
ter lensing model. The result strongly vindicates the preci- 
sion of the lensing inversion technique developed by KESCS 
and further illustrates how gravitational lensing through 
well-constrained clusters can locate samples of high red- 
shift galaxies. The efficiency of this selection technique may 
be relatively low, given the surface density of high redshift 
galaxies found by Steidel et al. and the cluster cross section, 
coupled with the need for high resolution imaging. However, 
this method is less susceptible to luminosity biases and red- 
shift selection effects than other techniques. 

The source responsible for the lensed images appears to 
be a blue 8-20 L* bJ galaxy whose on-going star formation rate 
of 7-11 M©yr _1 is similar to that of similar sources found at 
higher redshift by Steidel and collaborators using the Lyman 
limit cutoff as a high z locator. The spectrum reveals UV 
absorption lines which are consistent with the photometric 
properties. In particular, the Lyman a line is particularly 
broad suggesting neutral gas is abundant within the galaxy. 
In conclusion, we believe that the spectral and photometric 
properties of this source are consistant with those expected 
of the objects responsible for high redshift absorption along 
lines of sight to distant quasars. 
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